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I. INTRODUCTION
Electrophysiological recordings from human neonates clearly show that the retina and neural visual pathway are functional at the time of birth. Both retinal and occipital responses change rapidly in the neonatal period, demon strating that a considerable degree of maturation is occur ring, particularly during the first four months following birth. Histological studies in neonates indicates that the maturational process in the visual pathway involves elon gation of rod and cone cell outer segment,I,2 foveolar dif ferentiation,3,4 thickening of the myelin coating at optic nerve and cortical levels,5,6 a decrease in the number of dendritic spines,7 proliferation of synaptic connections at the lateral geniculate and visual cortex,8,9 and increase in cortical volume of primary and secondary visual areas. 7,l0 This article briefly describes normal maturational changes of the neonatal ERG and VEP. It then outlines our tech nique for concurrent skin ERGNEP recording and, lastly, dwells on selected clinical conditions to illustrate the use fulness of electrophysiological recordings in helping to identify the condition and the retino-cortical pathway level at which dysfunction may be occurring. Visual elec trophysiology can be a great asset to the paediatric clin-ician by helping to establish a diagnosis at an early stage. A firm diagnosis is essential when giving an assessment of the genetic risks of recurrence, and gauging visual out come with its associated implications for organising edu cational help for the patient and support for parents.
II. NORMAL ERG CHANGES DURING THE NEONATAL PERIOD i. Flash ERG
Compared with the adult ERG, that from the neonate is markedly attenuated and therefore not as easily discerned. Indeed, the earliest reports claimed that an ERG was not recordable from many healthy newborns.II,12 However, later studies using improved amplifier technology, com puter averaging and brighter stimuli have consistently described small rod and cone mediated retinal responses at term, and even in preterm infants from about 34 weeks gestational age?,14,15 Horsten and Winkelman2 used a Henkes contact lens electrode and found that the scotopic b wave amplitude after 15 minutes dark adaptation measured between 40 and 140 u V in infants recorded on the day of birth or very soon after (under these conditions, adult values are around 300 uV). Rod mediated responses mature relatively rapidly over the first three months following birth, and more slowly thereafter, so that by 12 months of age the amplitude of the infant ERG is approximately within 10% of that of the adult. Fulton and Hansenl5 recorded corneal ERGs using the DTL conductive thread electrode* and monitored sco topic intensity/response (Naka-Rushton) functions' for the 'a-b wave' amplitude in 16 two-month-old infants and nine older infants. They found that neonates had smaller maximal amplitudes (V max) and that the relative inten sity of light required to give the half maximal amplitude (a measure of retinal sensitivity) was 1-2 log units less than in the adult. However, the rate at which 'b wave' ampli tude altered with change in light intensity was similar in infants and adults. Sensitivity reached adult values by about six months and maximal amplitudes were similar to the adult around 12 months. unit. They also used DTL electrodes but recorded under photopic conditions (i.e. mainly cone mediated activity was elicited). The stimulation rate was just under 2/sec and 30 sweeps were averaged for each trial. In pre-term infants of less than 35 weeks, the 'b wave' tended to be broad and the 'a wave' relatively attenuated. Between 30 and 50 weeks (post-conception age) maturational changes in the ERG were virtually linear. For both 'b wave' ampli tude and latency, there was a linear correlation with age (amplitude appeared to increase at the rate of about 3 uV/ week and latency decreased by approximately 0.8 ms/week).
Our department is primarily concerned with the ophthalmological appraisal of infants and young children. Corneal contact electrodes indisputably give the largest ERGs which, compared with other electrodes, are least likely to be affected by physiologic or extrinsic interfer ence potentials. Contact lens electrodes have been recom mended as the standard since they provide the most accurate electroretinographic assessment of disease pro cesses involving rods and cones.17 However, although the majority of adults will tolerate contact lens electrodes, most young children will not (particularly those between three months and five years or so). Children commonly become tearful and restless when corneal electrodes are inserted and it is often difficult to obtain reliable corneal ERG recordings without sedation or anaesthesia.
We reserve use of examination under anaesthesia with corneal electrodes for exceptional circumstances where a child is too active or behaviourally disturbed to permit placement of electrodes of any type. For routine, screen ing, assessments, we have opted for recording averaged ERGs using skin electrodes sited centrally under each eye, within I cm of the rim of the lower eyelid. The majority of young children will accept lower lid skin electrodes for the duration of the recording session. t We do not favour rou tine use of sedation or anaesthesia as these procedures carry risks, and can alter the YEP (the latter can affect the ERG also), thus complicating clinical interpretation of any detected response changes. In our experience, it is diagnostically more advantageous (and cost effective) to average skin ERGs and VEPs together in order to get an estimate of both gross retinal function (from the ERG) and macular pathway function (from the YEP) in a single recording session lasting [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] A. KRISS AND 1. RUSSELL-EGGITT conditions is tested first; flash stimulation is then per formed, first under darkened conditions then photopically. A recording amplifier bandpass of between three and 125 Hz is normally selected (the low frequency setting is deliberately set somewhat high in order to minimise dis tortion due to movement potentials).
A bright white flash (Grass PS22, intensity 4, 3.7x105 candlepower) delivered at 3/sec under fully darkened laboratory conditions elicits a mixed cone/rod ERG. In the young adult, the mixed ERG recorded from skin elec trodes has an 'a wave' with a mean latency of 15.6 ms and mean baseline-peak amplitude of II uY. The 'b wave' mean latency is 39.3 ms and the mean 'a-b' amplitude is 27 u Y.:j: The skin ERG waveform is broader and smaller in the first few post-natal months. Amplitude and latency changes are rapid during the first four months and slower thereafter until about 12 months. By six months of age ERG component latency and amplitude are approximately within 10% of that found in the adult. Table I summarises a-b amplitude changes over the first six months for control infants recorded in our laboratory. Figure 1 shows the averaged flash ERGs, and VEPs, to a bright white flash recorded from the same infant between the ages of 2 weeks and 3.5 years. Note the attenuated, broad ERG in the first 3 months. In all the figures pre sented both ERG and YEP waveforms are displayed using the clinical neurophysiology convention of 'negativity upwards'.
ii. Pattern ERG Fiorentini et al. 18 monitored skin ERGs to pattern reversal stimulation (P. ERGs) in infants aged between two and six months. A sine wave grating reversing at the rate of 12 reversals/second was used. The ERG and YEP were sim ultaneously recorded and response amplitude was measured for a range of grating sizes (spatial frequencies). They found that pattern ERGs and VEPs gave similar esti mates of acuity and thus concluded that YEP acuity is pri marily determined at the retinal level. It has to be said, however, that the spatial tuning of the P. ERG and P. YEP in the adult are not very closely associated. Another point relevant to signal detection and the estimation of acuity electrophysiologically is that when a pattern is progres sively defocused, at the point that the pattern ERG becomes non-detectable, the P. YEP is still clearly present and only shows minor change in amplitude and latency. 19 The small P. ERG recorded from skin electrodes (usually around 2-4 uV) is susceptible to interference by eye movement potentials and periorbital muscle poten tials. We find that in young children, the P. ERG is not as reliable as the flash ERG or pattern YEP in giving clini cally useful information. Grose et al. 16 report the rate of change was correlated with age (this appeared to be approximately 10 ms/week between 30 and 50 weeks gestational age). By about four months after a full tenn birth, latency is within 5 ms of adult values. Ta ble II summarises maturational latency changes in the main positivity of the flash YEP for control infants recorded in our laboratory. It has been reported that the YEP matures at a faster rate in pretenn infants com pared with full tenns. recorded pattern VEPs using a miniature hand held TV. They found in pretenns two degree checks gave clearly discernible responses. VEPs matured at an almost linear rate with responses to larger checksizes maturing at a faster rate compared with those to small checks. Mosko witz and Sokof7 have similarly reported that pattern rever sal VEPs to 48' and 60' checks are of shorter latency compared with those to 14' and 12' checks. Table III sum marises maturational changes in latency for control infants recorded in our laboratory. The mean data is for the P100 of the pattern reversal response to stimulation with 100' checks.
III. ERG AND YEP RECORDING AS AN AID TO DIAGNOSIS IN THE YOUNG INFANT
So far, we have carried out routine recordings on approxi mately 3,000 young children. Our experience covers a wide range of ophthalmological and neuro-ophthalmo logical conditions. When deciding whether recorded visual responses are abnonnal or not, it is vital to take account of the maturational stage of the patient. This important aspect has not always been considered, particu larly in studies of Delayed Visual Maturation (see refer ence 28 for further details). We nearly always attempt to record VEPs to pattern reversal stimulation in young infants as it gives a more reliable estimate of visual pathway function and of the quality of vision as compared with flash VEPs. The stimu lus pattern is presented on a large 26" TV display. The infant's attention is directed towards the stimulus pattern by alternating the checkerboard with cartoons or playing nursery rhymes. Fixation is monitored by closed circuit television.
It is important to use checksizes which will elicit con spicuous VEPs, particularly when dealing with young infants. Thus neonates less than three months of age will produce relatively well-preserved, though somewhat late, VEPs to checksizes above 50', but those to checksizes below 25' are very late, degraded, or simply not detect able27 (see Fig. 2 ).
We have opted to use pattern reversal stimulation for routine clinical testing for several reasons: First, the YEP wavefonn or component structure does not change with maturation (as compared with pattern onset VEP. 2 9) Secondly, components associated with stimulation of macular and paramacular parts of the visual field can be identified.30 Thirdly, the YEP shows good occipital lat eralisation in association with lesions causing hemianopic field defects.3u2
What follows is a selective description of ERG and YEP changes in a variety of clinical conditions affecting retinal and post-retinal visual pathway function. The responses presented are all from young infants. In infants, the flash YEP shows a distinct 'albino' crossed asymmetry on monocular stimulation which is detected at lateral occipital electrode placements. * We find this asymmetry is best seen at a latency of around 80 ms following the flash. A negativity on the side of scalp contralateral to the stimulated eye and a positivity at about the same latency on the ipsilateral side are usually evident. Young children show the crossed asymmetry of albinism more reliably following flash stimulation than with either pattern onset or pattern reversal stimu lation.35 .3 6 .3 7 In the adult, however, pattern onset is reported to be the better stimulation mode. 37 Examination of the mother's fundus can provide useful clinical clues as carriers of the X linked ocular albinism gene may show mosaic fundal pigmentation, presumably because of the Lyonisation effect. 
v. Optic Nerve Hypoplasia
In severe optic nerve hypoplasia the flash ERG is conspic uous and no YEP activity is likely to be recorded to either flash or pattern stimulation. Interestingly, there is a tend ency for the flash ERG to be larger than average. Infants with optic nerve hypoplasia are likely to have a normal fundus apart from the double ring sign of the optic disc which can most effectively be observed on direct ophthal moscopy. This sign, if present, is not always easily detected, especially if the child is active and only a brief glimpse of the fundus can be obtained with an indirect ophthalmoscope. In many centres fundal examination is carried out whilst the child is anaesthetised in order to get a good stable view of the disc. Combined ERGNEP test ing will show strongly that the problem is post-retinal but it will not, of course, indicate what the pathology might be. CT scanning and regular paediatric assessments need to be carried out on these patients as optic nerve hypo plasia is often associated with anomalies of midline brain structures such as the septum pellucidum, hypothalamus and corpus callosum. Figure 6 shows the left and right eye skin ERGs, and binocular VEPs to flash and pattern reversal stimulation from a six-month-old baby girl with marked optic nerve hypoplasia. The ERGs are large and no YEP activity is detectable either to flash or pattern stimulation with large three degree checks. t At the time of the recording she appeared to be behaviourally blind with roving eye move ments. Both optic discs were very hypoplastic. All the other developmental milestones were normal, but her head circumference was noted to be at the 10th percentile. CT scanning confirmed small optic nerves, and showed the pituitary gland to be small also.
In segmental or less severe optic nerve hypoplasia, the YEP is attenuated and usually, though not always, of normal latency. If the hypoplasia is mild, then pattern and flash VEPs are likely to be within normal limits, although they may be mildly reduced visual acuity levels or subtle visual field defects.
t When nystagmus is present, it is best to use coarse checksizes for pattern reversal stimulation. 39
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Vl. Hemisphere dysfunction
It is known from studies of half stimulation in healthy adults using pattern reversal stimulation, that the main positivity of the pattern reversal YEP (PlOO) is predom inantly distributed over the side of scalp ipsilateral to the stimulated half-field.38 Thus for left half stimulation PlOO is predominant over the left side of scalp, and vice versa when the right half field is stimulated. Over the con tralateral scalp there is often a negativity of similar latency. It has been postulated that this apparently para doxical distribution for PlOO occurs because electrodes over the ipsilateral scalp are well placed to pick up activity of generators situated in the medial surface of the acti vated occipital cortex, contralateral to the stimulated field. 38 In patients with unilateral occipital lesions associated with homonymous hemianopic defects, the pattern rever sal PIOO is predominantly distributed over the side of scalp ipsilateral to the preserved half-field. The distri bution is the same when comparing responses from each eye, i.e. the YEP asymmetry is uncrossed. 3 2 We find that an uncrossed asymmetry can be observed in infants and is found for flash stimulation also, though less reliably than for pattern reversal stimulation. Figure 7 shows the asymmetrical flash VEPs in a young infant with severe hemiatrophy thought to be due to damage of one hemisphere during amniocentesis when the fetus was esti mated to have a gestational age of 17 weeks. Note the marked asymmetry in the YEP when comparing the lateral electrodes. A positivity is recorded over the right scalp suggesting well preserved function of the left hemisphere.
However, it appears that there is poor activity over the left side of the scalp (i.e. associated with right hemisphere dysfunction). Atrophy of the right hemisphere was clearly revealed by MRI and CT scanning. In other studies, we have described the utility of YEP recording in demonstra ting dysfunction of one hemisphere in young patients with only 'soft' signs. Below is a description of some ambiguities associated with ERGNEP testing confined to the clinical conditions mentioned above. Flash ERGs are commonly not detect able in a variety of childhood conditions associated with rod dysfunction, e.g. Refsum's syndrome, Senior's Syn drome, Alstrom's early retinitis pigmentosa and Lau rence-Moon-Biedel Syndrome. YEP recording will help identify those conditions where macular function is rela tively well preserved (if nystagmus is present, this may be clinically difficult to judge in a young child). We have come across the situation where, on the basis of a non recordable ERG, a young child was diagnosed as having Leber's Amaurosis. ERGNEP testing in our laboratory showed no ERG activity, however, the VEPs to flash and pattern stimulation were well preserved indicating good macular function (not found in Leber's Amaurosis patients). The YEP findings, and the detection of saccade palsy, led to MRI testing which revealed hypoplasia of the cerebellar vermis and revision of the diagnosis to Joubert's syndrome.
If nystagmus is not present or conspicuous and ERG and YEP testing is not carried out, it is not uncommon for Delayed Visual Maturation to be considered as a possible diagnosis in infants of less than four months of age who appear to have poor vision. We find that the electrophysi ological distinction between Leber's Amaurosis and Delaye.d Visual Maturation is clear-cut. In patients with uncomplicated Delayed Visual Maturation the ERG and YEP findings are normae7 whereas, as described above, in Leber's Amaurosis they are markedly abnorma1. 33 The presence of normal ERGs and VEPs indicates well pre served function of the primary retino-cortical pathway; however, it does not exclude the possibility of dysfunction in other areas concerned with visual processing, attention and eye movements.
Congenital cone dysfunction patients must be tested under fully darkened (scotopic) conditions. It is the pres ence of rod mediated activity and the absence of cone mediated activity that characterises this condition elec trodiagnostically. If testing is carried out under photopic conditions (i.e. leaving room lights on and curtains undrawn), as occurs in many clinical neurophysiology departments, then patients with cone dysfunction are likely to be misdiagnosed as they will produce no ERG activity and little YEP activity, giving an electrodiagnostic picture similar to that found in patients with Leber's Amaurosis (see reference 33 for more details).
Infants with congenital cone dysfunction usually pres ent with nystagmus and most, though not all, have some degree of photophobia. Fundal examination is usually unremarkable, however, the foveal area may not be well defined, particularly in patients with a blonde complexion. Thus the clinical picture may be similar to albinism, in which foveal hypoplasia and photophobia are usually conspicuous. 3 5 Detection of the electrophysiological features associ ated with albinism relies on good technique. In infants, monocular flash stimulation gives the most reliable results. However, it is essential to ensure no light enters the covered eye as this will partially, or completely mask any albino crossed asymmetry. Similarly, if testing is only carried out binocularly, then the electrodiagnostic picture will not be specific. It will merely suggest post-retinal dys function, as poor YEP activity is recorded in the occipital mid-line, and lateralised occipital activity will be much reduced due to the fact that each eye is producing activity of opposite polarity. In our experience, well lateralised occipital electrodes (about 4-5 cm from the midline) and a monopolar montage with the reference electrode well away from occipital, temporal and parietal areas give the most reliable findings in childhood albinism. 36 A multi-channel occipital recording is essential not only to identify chiasmal anomalies (e.g. associated with compression or albinism) but also to detect dysfunction of one occipital hemisphere. A monocular montage with a common reference placed away from the occipital/parietal area is also more advantageous in this context (a mid frontal location is probably the best location for the refer-ence electrode). 4 0 In the adult, pattern reversal stimulation and half-field testing can be easily accomplished. Where there is a complete lateral hemianopic field defect, little or no YEP activity is recordable when stimulating the blind half-field, and a markedly asymmetrical YEP is record able for stimulation of the preserved half-field. As explained above, the PIOO of the pattern reversal YEP is apparently paradoxically distributed; it is predominantly seen over the side of scalp ipsilateral to the preserved half field. We reliably find that a young child with a unilateral hemisphere lesion involving the occipital area will pro duce asymmetrical pattern and flash VEPs on full-field stimulation. A YEP asymmetry is of greatest significance when there is a positivity around 100 ms over one side of the scalp, and a negativity of similar latency over the other side. With a monopolar montage as described above, the main positivity is 'paradoxically lateralised'. If a bipolar montage is used, with a reference electrode placed in the vicinity of the active electrodes and over the same hemi sphere, then the lateralisation emphasis of the occipital asymmetry is likely to be reversed (see reference 41 for details).
